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EFFECT OF AMBIENT AIR VELOCITY ON ATOMIZATION 


OF TWO IMPINGING WATER JETS 


SUMMARY 


Drop-size distributions were measured for the sprays formed by two 0.089
inch-diameter impinging water jets. Jet impingement angles of 30°, 60°, and 90' 
and jet velocities of 30, 60, and 74 feet per second were used. These variables 
were held constant, while the primary variable of this work (i,e*, the dif
ference between the ambient air velocity and the liquid jet velocity) was 
changed from 0 to 120 feet per second. 

A l l  distributions show bimodal characteristics with number-median diameters 
of approximately 200 and 500 microns for the two modes. For low jet velocities, 
increasing the velocity difference decreases the mass-median diameter of the 
large-diameter mode and increases the percentages of mass and drops in the 
small-diameter mode. In the range of velocity difference 0 to 120 feet per 
second, the volume-number-mean and mass-median diameters of the complete spray 
decrease as velocity difference increases, except for the highest jet velocity. 

INTRODUCTION 


The process of liquid atomization by rocket engine injectors is dependent 

on several experimental variables, and the functional relations are not fully 

understood. Inasmuch as the whole combustion process is exceedingly compli

cated, some pertinent information can be obtained by first studying atomization 

by a single injector element in cold flow. This technique was used in the in

vestigation of reference 1 to study the drop-size distribution of the water 

spray formed by a single pair of impinging jets. The impingement angle was the 

variable of interest in that work, the results of which showed that the spray is 

better atomized as the injector angle increases. 


The current study is a continuation of the work described in reference 1, 
Drop-size distributions for the injectors used in reference 1 were obtained to 
study the effect of changing only the difference between the ambient air veloc
ity and the water jet ve1,ocity. The most extensive data were taken for a 600 
impingement angle, but angles of 30' and 90' were a l s o  used in some experiments. 
Drop-size data were obtained from measurements of shadowgraph pictures taken 8 
inches or more downstream of the impingement point in a duct connected to an 
exhaust system. The drops were sized and counted by an electronic particle 
analyzer, 



The values of j e t  angle, j e t  velocity,  veloci ty  difference, airflow, and 
Reynolds number were selected t o  cover the  ranges typ ica l  of rocket combustors. 
A s  i n  reference 1, the  data could be  f i t t e d  by assuming a bimodal s ize  dis t r ibu
tion. The properties of each mode as well as t h e  properties of the complete 
dis t r ibut ions a r e  shown. The e f f e c t  of ve loc i ty  difference i s  presented a t  
three j e t  veloci t ies ,  

E X P E R 1 M E ”  APPARATUS AND PROCEDURE 

Apparatus 

The experimental setup used i n  t h i s  work i s  shown i n  f igures  1and 2 and 
described in  d e t a i l  i n  reference 1. Figure 1 shows t h e  impinging-jet atomizer 
and f igure 2(a)  t h e  complete apparatus, consisting of an atomizer mounted i n  a 
4- by 12-inch duct, an op t i ca l  system, and a camera, Figure 2(b) shows a sche
matic view of the op t i ca l  system and indicates the sampling position, An i m 
proved l i g h t  source w a s  used i n  t h i s  study, which enabled t h e  exposure time f o r  
each picture  t o  be shortened t o  1 /2  microsecond from t h e  value of 1-microsecond 
used i n  reference 1, The light-source diameter w a s  0,015 inch. The centerline 
of t h e  op t i ca l  path w a s  perpendicular t o  the  pr incipal  plane of the spray a t  i t s  
axis of symmetry ( the  horizontal  plane of t he  impinging j e t s ) .  A study of t he  
s p a t i a l  character is t ics  of impinging-jet sprays reported i n  reference 2 showed 
t h a t  such an alinement gives a representative sample f o r  determining drop-size 
dis t r ibut ion.  The photographs obtained had a 1-to-1 magnification ra t io .  

The sample s i z e  measured f o r  each experimental condition, i n  a l l  but three 
cases, w a s  l a rge r  than 9000 drops, A check w a s  made of each spray t o  ver i fy  
t h a t  the f i n a l  d i s t r ibu t ion  measured did not change with sample size. The ex
pected s t a t i s t i c a l  accuracy w a s  a l s o  estimated by  using the work of reference 3 
(which i s  a l s o  t o  be published as p a r t  of a B.D. t h e s i s )  t o  calculate  the width 
of t he  95 percent confidence band f o r  the range of sample s izes  obtained, The 
calculations f o r  two sample s izes  a r e  sumarized in t h e  following table:  

Fraction of Number of drops i n  dis t r ibut ion,  N i1j:--~
s i ze  group 4000 

Range of 	values of f rac t ion  of drops expected 
with 95 percent confidence 

I0,05+0,004 0.05+0.006 
.10+0.006 .10+0.009 
,15+0,007 .15+0,011 
,20+0.008 * 20+0.012 

-25 ,25+0,009 .25+0.013 
~ 

This t a b l e  shows t h a t  t he  s t a t i s t i c a l  e r ro r  is no greater  than 12 percent, even 
f o r  t h e  smaller sample size,  when as l i t t l e  as 5 percent of the t o t a l  sample is 
counted, The error  i s  obviously increased when l e s s  than 5 percent of the t o t a l  
sample is read. The e r ro r  magnitude cannot be s t a t e d  quantitatively; however, 
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it w i l l  be seen that l e s s  weight w a s  given t o  these t h i n l y  populated s i ze  groups 
than t o  the more populous ones when the data were analyzed. 

The various t e s t  conditions used in t h i s  study are given in t a b l e  I. 

Drop-Size Analysis Procedure 

The spray photographs were measured in t h e  electronic  p a r t i c l e  analyzer 
described i n  references 4 and 5, Part ic les  i n  the s i z e  range from 200 $0 6400 
microns can b e  counted by t h i s  device with the 1-to-1 magnification used i n  the 
photography. This range i s  divided i n t o  10 steps,  f o r  which the  r a t i o  of the 
upper t o  the lower s i z e  l i m i t  i n  a s t e p  i s  always 7/z- The d i g i t a l  counter on 
t h e  analyzer shows the  number of drops l a rge r  than a preselected size. The 
number of drops i n  each s i z e  group is found by differences in t h e  several  counts. 
The accuracy of the p a r t i c l e  analyzer i s  estimated t o  be 110 percent i n  counting 
drops i n  the  smallest s i z e  range (200 t o  2 8 0 ~ )and t o  be +3 percent f o r  t he  
other s i z e  ranges. 

RESULTS AND DISCUSSION 

Analys i s  of Distributions 

Experimental data. - The i n i t i a l  plan called f o r  a l l  sprays t o  be photo
g r a p h s t h e  same distance downstream of t h e  impingement point j however, 
photographs f o r  a l l  desired conditions could not be obtained a t  t he  distance 
first planned, namely, 8 inches. With the 30° angle injector ,  t h e  l i qu id  sheet 
formed by  the  j e t  impingement was not completely broken up i n t o  drops 8 inches 
downstream, With the 90° angle injector ,  t he  spray h i t  the w a l l s  of the duct a t  
low veloci ty  differences, and thus no photographs of the spray could be taken 
below Av = 37 f e e t  per second, (Symbols a re  defined i n  appendix A,) In  
several  experiments, it w a s  determined t h a t  t he  drop-size d is t r ibu t ion  of a 
given spray changes s ign i f icant ly  with distance from the impingement point, even 
a f t e r  the l i qu id  sheet i s  disintegrated. It i s  therefore impossible t o  compare 
data a t  d i f fe ren t  downstream distances. The change i n  two drop-size dis t r ibu
t ions  with distance i s  shown f o r  t he  60' Injector  i n  t h e  following table,  which 
shows the percentage of drops i n  each s i ze  group f o r  the same spray photographed 
8 and 1 6  inches downstream of the impingement point, 
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Average J e t  velocity,  vj, f t / s ec
diameter 

if s i z e  group, 30 I 74 
Dav,

P Velocity difference, Av, f t / s ec  

Percentage of 
. .. 

242 28.51 
341 24.71 
48 4 18.53 
682 16.38 
965 8-06 

1365 2.90 
1930 .77 
2720 .13 

3860 . 
.01 

I 120 

60 

Downstream distance, in. 

drops i n  s i z e  group (60° 
_. 

41.00 44.10 

24.E 25.13 
16-17 15-05 
12.30 10-15 

5.07 4.18 

1.16 1-10- 1 8  r 2 6  
0 .03 
0 0 

angle in jec tor :  

58.76 
25.59 
10.43 


4.21 
.89 

0-12 

0 
0 
0 

The d is t r ibu t ions  measured with the  300 angle in jec tor  had t o  be photographed 
1 6  inches downstream of the  impingement point, s o  these data  cannot be compared 
quant i ta t ive ly  with data  from the  other injectors ,  which were photographed 8 
inches downstream. Qualitative conclusions, however, were obtained by comparing 
t h e  trends i n  the  two sets of data, 

Some typ ica l  spray photographs a re  shown i n  f igure  3, A l l  p ic tures  i n  
f igure  3 ( a )  were taken 8 inches downstream of the  60' angle injector.  Fig
ure 3(b) shows sprays from the  30' angle in j ec to r  taken a t  distances of 8 
and 1 6  inches3 the  pictures  taken a t  8 inches i l l u s t r a t e  a spray that has not 
formed drops 

Dropcount data obtained wlth the  electronic  p a r t i c l e  analyzer a re  l i s t e d  
i n  t ab le  I1 f o r  a l l  conditions used. Although a large number of drops t h a t  were 
l e s s  than 200 microns i n  diameter exis ted i n  each spray, these drops were nei ther  
counted nor included i n  t a b l e  IT. From d i r ec t  measurements on enlarged p r in t s  of 
several  spray photographs, it was estimated t h a t  approximately 40 percent of the  
drops were usual ly  not counted, 

Some typ ica l  number-size d is t r ibu t ions  a re  shown i n  figure 4, The loga
r i t h m  of AN, the  number of drops in a s l z e  group, i s  p lo t ted  as a function of 
t h e  logarithm of t h e  mean diameter of the  s i ze  group. These d is t r ibu t ion  curves, 
which a re  f o r  a sample s i ze  a t  l e a s t  10 times greater  than those i n  reference 1, 
show t h e  same in f l ec t ion  points as those of t h e  previous work. It w a s  therefore 
assumed t h a t  a l l  d i s t r ibu t ions  a re  composed of t he  sum of two individual loga
ri thmic normal dis t r ibut ions,  t h a t  is, t h a t  they  a re  bimodal, Reference 1 
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reports other instances of bimodal and multimodal dis t r ibut ions,  and reference 6 
lends support t o  t h e  idea t h a t  the  drop-size d is t r ibu t ion  from an impinging-jet 
in jec tor  should be bimodal. 

Figure 4(a) shows the  two logarithmic normal modes i n t o  which the  d is t r ibu
t i o n  can be separated by the  technique outlined in  the  following section, The 
curve i n  f igure 4(a)  i s  typ ica l  of the  f i t  t h a t  w a s  obtained f o r  a l l  but  two of 
the d is t r ibu t ions  measured, The d is t r ibu t ion  shown was obtained with t h e  60' 
angle in jec tor  a t  a j e t  ve loc i ty  of 60 f e e t  per second, When the  same in j ec to r  
w a s  used a t  a j e t  ve loc i ty  of 30 f e e t  per second for veloc i ty  differences of 
0 and 30 f e e t  per second, d i s t r ibu t ion  curves with an abnormally high percentage 
of large-diameter drops were obtained. One of these two curves i s  shown i n  f i g 
ure 4(b), 

Selection of modes, - I n  t h e  previous work ( r e f ,  l), t h e  separation of t h e  
experimental d i s t r ibu t ion  i n t o  two logarithmic normal modes w a s  done graphically, 
In the  present work t h e  separation in to  modes w a s  done ana ly t ica l ly  with the a id  
of an I B M  7090 d i g i t a l  computer. It i s  shown in appendix B t h a t  a logarithmic 
normal d is t r ibu t ion  p lo ts  as a parabola on log-log paper (see eq, (B3)), This 
f a c t  was used as follows t o  obtain two modes f o r  each dis t r ibut ion,  Several data 
points a t  t he  large-diameter end of the  d is t r ibu t ion  were assumed t o  belong en
t i r e l y  t o  the large-diameter mode, which w i l l  be cal led mode 2, These points 
were then f i t t e d  t o  a parabola by the  weighted least-squares method of refer
ence 7. The weighting fac tor  takes in to  account t he  f a c t  t h a t  t he  expected ex
perimental e r ror  of a given measurement decreases as the  number of pa r t i c l e s  
counted f o r  t he  measurement increases, 

When, a f t e r  several  t r i e s ,  an apparently sa t i s f ac to ry  mode 2 curve w a s  ob
tained, two o r  three points  on the  mode 1 curve could be obtained for  t h e  in t e r 
mediate s i ze  groups, Attempts were then made t o  f i t  a parabola through these 
points by the  ordinary least-squares method. If a sa t i s fac tory  f i t  w a s  not ob
ta ined f o r  mode 1a f t e r  a few attempts, mode 2 w a s  r e f i t t e d  with a d i f f e ren t  
maximum point fo r  t h e  parabola, and then mode 1was r e f i t t e d  with the new mode 2, 
I n  t h i s  manner, t he  constant B i ' s  of equation (B3) w e r e  obtained fo r  each mode, 

The e n t i r e  curve-f i t t ing process requires a cer ta in  amount of judgment be
cause of the  d i f f i c u l t y  i n  se lec t ing  the  peaks of t he  parabolas a t  the  beginning 
of the  routine, especial ly  f o r  mode 1, With experience, these maximums could be 
estimated within narrow l i m i t s  by the mathematical curve-fi t t ing technique, No 
claim i s  made, however, that the  modes shown are  the  only ones i n t o  which t h e  
experimental d i s t r ibu t ions  can be separated. 

Calcu&ation of spray properties,  - A f t e r  a pa r t i cu la r  bimodal d i s t r ibu t ion  
has been b u i l t  up by the  technique just described, properties of t he  new d i s t r i 
bution can be calculated. The following properties of each individual  mode were 
calculated: 

(1)Number-median diameter DN
i
: For the  symmetric logarithmic-normal dis

t r ibu t ion  
i 

i s  t h e  value fo r  which t h e  parabolic d i s t r ibu t ion  curve has i ts  

maximum. (See the  dashed curves of f ig .  4.) 
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( 2 )  Geometric mean deviation ai: This deviation i s  a measure of the  
spread of the d i s t r ibu t ion  curve and is  given, for  a logarithmic-normal parabola, 
by 

where gi i s  the  diameter f o r  which 84.13 percent of t he  drops i n  t h e  d is t r ibu
t i o n  have a smaller s i z e .  This quant i ty  w a s  evaluated by  drawing a horizontal  
l i n e  across the  parabolic curve a t  an ordinate value equal t o  0.6067 times t h e  
m a x i m u m  height of t he  Darabola. The abscissa value a t  which t h i s  l i n e  in te r 
sec ts  t he  right half  of t he  parabola i s  gi. 

(3) Mass-median diameter DMi: For t h e  logarithmic-normal modes DMi w a s  
calculated by use of t h e  equation given i n  reference 8 

( 4 )  Total number of drops i n  each mode Ni: This number was calculated 
from equation (B4a), where the  values of Bo, B1, and B2 a re  those obtained by 
the  parabolic curve-f i t t ing procedure described i n  t h e  previous section. 

(5) Total  mass i n  each mode Mi:  The total  mass was calculated from t h e  
following equation! 

where (Dav)3 i s  t h e  average diameter of experimental s i z e  group j and (AN), 
i s  the  number of drops i n  t h a t  s i z e  grous, as determined from equation (B3).  

I n  addition t o  these mode properties, t h e  following average diameters of 
the complete bimodal d i s t r ibu t ion  were calculated: 

(1)Mass-median diameter I+:This diameter was determined by d i r e c t l y  sum
ming the  mass contributions for each mode and p lo t t i ng  percent of t o t a l  spray 
mass contained i n  drops with diameters less than or equal t o  Dav as a function 
O f  Dave 

( 2 )  Volume-number-mean diameter Dgo; This diameter was calculated from 4 

equations ( C 8 )  and (C9)  of appendix C, with the  previously calculated values of 
N1, N2, %, and 61 for each mode, 

c 

Properties of Individual Modes 

Median diameters. - Neither the  nuniber-median nor t h e  mass-median diameter 
of mode 1shows any trend i n  magnitude with j e t  angle, j e t  velocity, or veloc i ty  
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difference for  the data taken 8 inches downstream of the  inpingement point, 
TYhs i s  shown by the data in t ab le  I1 fo r  j e t  angles of 60° and 90°. (See 
appendix D for  a discussion of an a l te rna te  curve-fi t t ing procedure fo r  these 
experiments, which assumes constant average values of i and DM .) Although 
the number-median diameters f o r  the 30° angle in jec tor  agree with the  other 
data, the  values of the geometric mean deviation, and thus the mass-median diam
eter ,  a re  generally la rger  than values for  the other data, The mass-median 
diameter data fo r  the 30° in jec tor  a re  somewhat scattered; however, there  does 
not seem t o  be any s igni f icant  trend of t h i s  quantity with j e t  veloci ty  or ve
l o c i t y  difference, 

Figure 5 shows the  e f f ec t  of veloci ty  difference on the number-median diam
e te r  of mode 2, For t h i s  and the  other spray properties, three comparison p lo ts  
a r e  presented in  the figure: (1)a plot  of the  60' angle injector  data as a 
function of veloci ty  difference for  three values of j e t  veloci ty  ( f ig ,  5 (a ) ) ,  
( 2 )  a p lo t  of the  30' angle in jec tor  data as a function of veloci ty  difference 
f o r  two values of je t  veloci ty  ( f ig ,  5 (b ) ) ,  and (3) a plot  of the  90° and the 
60' angle injector  data as  a function of veloci ty  difference f o r  the  same value 
of j e t  velocity, Data points from reference 1have been placed on t h e  curves 
f o r  comparison purposes only. In  f igure 5(a) ,  it can be seen t h a t  there  is-
l i t t l e  e f f ec t  of veloci ty  difference on the number median. There i s  an indica
t ion,  however, that t h i s  diameter decreases s l i g h t l y  when the  ve loc i ty  difference 
i s  increased above 60 f e e t  per second a t  the lowest je t  velocity. The e f f ec t  of 
veloci ty  difference is more noticeable for  the 30° angle in jec tor  ( f ig .  5 (b) )*  
For the lower j e t  veloci ty  the  number median decreases with increasing veloci ty  
difference, This trend is  l e s s  apparent a t  the higher j e t  velocity, Increasing 
the in jec tor  angle from 60° t o  900 has no e f fec t  on the  number median, as shown 
i n  figure 5(c)  f o r  the 30-foot-per-second jet  velocity, 

The e f fec t  of veloci ty  difference on the  mass-median d i m e t e r  of mode 2 i s  
somewhat more s ignif icant  than i ts  ef fec t  on the number median (f ig ,  6). For 
both the 30° and the  60' angle in jec tors  the decrease i n  mass-median diameter 
with increasing velocity difference is most noticeable a t  the  lowest j e t  veloc
i t y  and prac t ica l ly  disappears as the j e t  veloci ty  reaches 74 f e e t  per second. 
I n  f igure 6(c)  it can be seen t h a t  velocity difference has about the same ef fec t  
on the mass-median diameter fo r  the two injectors  used; however, t he  actual  
values a re  lower f o r  the b e t t e r  atomizing 90° in jec tor  than they a re  fo r  the  
60° injector.  Figures 6(a) and (b)  show t h a t  increasing the j e t  veloci ty  a t  
constant Av generally decreases the mass-median diameter of mode 2, The ef
f e c t  i s  greatest  a t  Av = 0 and decreases s t ead i ly  with increasing veloci ty  
difference. 

Number and mass percentages i n  each mode. -Another measure o f t h e  degree 
r 	 of atomization i s  the  d is t r ibu t ion  of drops and spray m a s s  between t h e  t w o  modes, 

The e f f ec t  of veloci ty  difference on the  percentage of drops i n  mode 1is shown 
i n  f igure 7, For both the 30° and the 60° angle in jec tors  this percentage in
creases s teadi ly  a t  a l l  j e t  veloci t ies ,  The e f fec t  t h a t  veloci ty  difference has 
on t h i s  number percentage disappears when the  je t  angle is increased from 60° t o  
90° at the 30-foot-per-second je t  veloci ty  (fig.  7(c)) .  The data i n  figures 7(a) 
shows t h a t  increasing the j e t  veloci ty  a t  a fixed veloci ty  difference increases 
the percentage of drops i n  mode 1. The data of figure 7(b) a re  too scat tered t o  
show any trend with j e t  velocity. 
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Figure 8 shows the e f f ec t  of veloci ty  difference on the  percentage of mass 
in mode 1. In  f igures  8(a)  and (b) ,  t he  benef ic ia l  e f f ec t  of veloci ty  d i f fe r 
ence on t h e  atomization i s  about the same a t  a l l  j e t  veloci t ies .  Figure 8 (a )  
shows t h a t  increasing j e t  ve loc i ty  aids the atomization f o r  a given ve loc i ty  
difference, b u t t h e  data of f igure 8(b) a re  too scat tered t o  show any e f f ec t  of 
j e t  veloci ty  on the  mode-1 mass percentage for  t h i s  injector.  The e f f ec t  of 
changing j e t  angle from 60° t o  90° (fig.  8 ( c ) )  i s  s i m p l y t o  displace the  mass 
percentage curve upward i n  going t o  the  b e t t e r  atomizing 90' angle injector.  

ATOMIZATION OF C0MPI;ETE SPRAY 

Volume-Number-Mean Diameter 

Figure 9 shows t h a t  increasing the veloci ty  difference decreases the 
volume-number-mean diameter f o r  a l l  three injectors ,  This improvement i n  atom
iza t ion  i s  greatest  a t  the  lowest j e t  veloci ty  and disappears a t  the highest j e t  
velocity,  as shown by the  data f o r  both the 60' and the  30' in jec tors  ( f igs ,  
9(a)  and (b)), Figure 9 (c )  shows tha t  veloci ty  difference has approximately the  
same e f f ec t  on the  atomization f o r  t he  90° angle in jec tor  as  fo r  the poorer 
atomizing 60° angle injector ,  An increase i n  j e t  veloci ty  only i s  seen t o  i m 
prove atomization a t  lower values of veloci ty  difference f o r  the 30' and 60° 
angle in jec tors  ( f igs ,  9 (a )  and (b) ) .  This e f f ec t  decreased s teadi ly  as veloc
i t y  difference increased, 

Mass-Median Diameter 

Basically the  same trends found fo r  the volume-number-mean are  found f o r  
the mass median of the complete spray, as shown In f igure  10. There is a very 
sharp decrease in diameter with increasing veloci ty  difference for the  lowest j e t  
velocity] however, t h i s  trend is gone a t  the highest j e t  veloci ty  fo r  both the 
60' and the 30' injectors.  Figure lO(c) shows that changing je t  angles from 
60' t o  90° gives a s l i g h t l y  more pronounced e f f ec t  f o r  mass median than tha t  
found f o r  volume-nuniber mean. The mass-median diameter, l i k e  the volume-number
mean diameter, i s  decreased by an increase in j e t  veloci ty  a t  constant veloci ty  
difference. 

CONCLUDING REMARKS 

Although the ac tua l  drop-size dis t r ibut ions obtained i n  t h i s  cold flow 
study probably would not be found in rocket combustors, the var ia t ions i n  dis
t r ibu t ion  properties should be similar. An important r e s u l t  of t h i s  study is 1 

t he  observation tha t ,  f o r  an in jec tor  with a t  l e a s t  60' impingement angle, 
atomization i s  not s ign i f icant ly  enhanced by  an increase i n  the veloci ty  d i f fe r -

*,ence up t o  120  f e e t  per second when the  j e t  ve loc i ty  is  greater  than 60 f e e t  per 
second, The atomization of a 30° angle injector  i s  not improved by velocity 
difference when the j e t  veloci ty  i s  a t  least 74 f e e t  per second, For these high 
j e t  ve loc i t ies  aerodynamic forces do not a id  breakup in the range of low veloc
i t y  difference used i n  t h i s  work, These forces help a t  lower veloci ty  d i f fe r 
ences only when a l o w  l iqu id- je t  veloci ty  or j e t  angle i s  Wedj however, increas
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ing the j e t  veloci ty  a t  constant ve loc i ty  difference contributed s igni f icant ly  
t o  improving atomization i n  many cases. 

The limited range of experimental conditions used i n  t h i s  work was not 
enoughto elucidate the  mechanism of breakup and the reason for  the bimodal d i s 
t r ibut ions,  Distributions need t o  be measured a t  several  points f a r the r  down

i stream from the impingement point t o  make sure t h a t  an equilibrium dis t r ibut ion 
i s  obtained, There i s  a s l igh t  poss ib i l i t y  t h a t  a t h i r d  mode may be present i n  
the dis t r ibut ion shown i n  f igure 4(b), A much more extensive investigation 
would have t o  be undertaken t o  discover the mechanism of breakup fo r  these 
impinging-jet injectors,  

SUMMARY OF RESULTS 

Drop-size dis t r ibut ions were measured i n  the spray from a pair of 0,089
inch-diameter impinging jets of water, The variable of major i n t e re s t  was the 
veloci ty  difference between the ambient airflow and the  l iqu id  j e t ,  J e t  veloc
i t y  and j e t  angle were a l so  changed, The following r e su l t s  were obtained: 

1, The drop-size dis t r ibut ions could, in every case, be f i t t e d  by two loga
rithmic normal d is t r ibu t ion  modes. 

2, For the  lowest j e t  veloci ty  used (30 f t / sec) ,  atomization of the spray 
improved s t ead i ly  as veloci ty  difference was increased from 0 t o  120 f ee t  per 
second f o r  a l l  three injectors,  

3, For the highest j e t  ve loc i ty  used (74 ft/sec) there  was no longer any 
improvement in atomization due t o  increasing the veloci ty  difference for e i the r  
the  30° or the 60° angle injector ,  

4. For t he  30° and t h e  60° angle injectors,  increasing the j e t  veloci ty  a t  
constant veloci ty  difference improved atomization. The magnitude of the i m 
provement is la rges t  near a veloci ty  difference of zero. For the  volume-number
mean and the  mass-median diameters of t h e  complete spray, the e f f ec t  decreased 
s teadi ly  with increasing ve loc i ty  difference. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, September, 14, 1963 
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APPENDIX A 

SYMBOLS 

constants i n  eq. (B3),  defined by eqs. (B4) 

average diameter of s i z e  group, p 

volume-nuniber-mean diameter of logarithmic normal mode i, p 

mass-median diameter fo r  logarithmic normal d is t r ibu t ion ,  p 

number-median diameter for logarithmic normal dis t r ibut ion,  p 

mass-median diameter of complete d is t r ibu t ion ,  

volume-number-mean diameter of bimodal dis t r ibut ion,  p 

diameter f o r  which 84.13 percent of drops i n  d i s t r ibu t ion  have a 
smaller s ize ,  p 

t o t a l  mass in  d is t r ibu t ion  

number of drops i n  d is t r ibu t ion  

number of drops i n  par t icu lar  s i z e  group having average diameter Dav 

volume of drops i n  d is t r ibu t ion  

ve loc i ty  difference between a d i e n t  a i r  and l i qu id  j e t ,  f t / sec  

j e t  velocity,  f t / sec  

number r a t i o  of mode 1t o  mode 2, Nl/m, 

geometric mean deviation of logarithmic normal dis t r ibu t ion  

Subscript ! 

logarithmic normal mode i 
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APPENDIX B 

MATHEMATICAL EXPRESSION FOR LOGARITHMIC 

NORMAL DISTRIBUTION 

A logarithmic-normal d is t r ibu t ion  function can be writ ten 

I 
When the  logarithm of t h i s  equation i s  taken, the r e s u l t  i s  

where Ao, A 1  and A2 a r e  functions of DNi, ai, N i .  Thus the p lo t  of 

In Dav) 
as a function of In Dav w i l l  always be a parabola, If equa-I n  @N 


t i o n  (B2) i s  m i t t e n  i n  the  form 


In @N = A 0  + In[A(ln Dav)3 + A l ( h  Dav) + A z ( h  

and it is  noted t h a t  A ( l n  Dav) has a constant value for the  s i z e  groups used in 
t h i s  work, it i s  evident that t h e  plot  of I n  @N i t s e l f  as a function of In Dav 
i s  a parabola. Thus, the equation fo r  LY!J as a function of In Dav i s  

+ B 1  l n  Dav + B 2 ( h .  Dav) “1 
where 
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APPEKDIX C 

CA.LC�JLATION OF VOLUME-NUMBER MEAN DIAMETER 

OF A BIMODAL DISTRIESUTION 

The general expression f o r  t he  volume-number-mean diameter of a drop-size 
d is t r ibu t ion  i s  

D30 = (Cl) 

where V is  the  t o t a l  volume o f t h e  spray and N is t h e  t o t a l  number of drops 
i n  t h e  spray, If, f o r  a bimodal d i s t r ibu t ion ,  subscripts 1 and 2 re fer  t o  
the  two modes, t h e  volume-number-mean diameters D 1  and D2 of t h e  two modes 
can be  m i t t e n  as follows: 

Dividing equation ( C 2 )  by equation ( C 3 )  r e s u l t s  i n  

If K i s  subst i tuted f o r  ( D ~ / D Z ) ~ ,equation (C4) can be wri t ten i n  two d i f f e r 
ent  ways: f irst ,  

which can be wr i t ten  as 

and, second, 

which can be wri t ten as 

1 2  




Dividing equation (C5a) by equation ((2%) gives 

Since V = V i  + V2 and N = l V 1  + N2, equation ('26) becomes 

Ni  
K A + l  

N2 
N 11 + - 

N2 

If the  number r a t i o  N l / N 2  is defined as a and K = (D1/D2)3 is substi tuted,  
the f i n a l  r e s u l t  i s  

from which D30 can be calculated when o n l y t h e  number r a t i o  f o r  the two modes 
and the volume-number-mean diameter of each mode are known. These l a t t e r  
volume-rimer means can be calculated by using the equation given i n  reference 8 

where DMi i s  the mass-median diameter of the mode i n  question, 
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APPENDIX D 

ALTERNATE CURVE-FITTING PROCEDURE 

FOR CERTAIN EXPERIMENTS 

It has been s ta ted t h a t  the  mode-1 number-median diameter and geometric 
mean deviation are  essent ia l ly  constant for a l l  experiments performed a t  8 
inches downstream with the 60° and 900 angle injectors .  The bimodal curve f i t 
t i n g  f o r  these experiments can then'be redone by using constant average values 
f o r  these properties, and the same re su l t s  f o r  the other mode properties and 
the complete spray properties should be obtained. This procedure was followed 
fo r  the 1 6  experiments performed with the 60' and 90° injectors  a t  the  8-inch 
downstream distance. New guesses f o r  mode 2 were t r i e d  i n  each case, but only 
i n  two experiments d id  mode 2 change s l i g h t l y  from the curve or ig ina l ly  obtained. 

The new curves obtained for mode 1were, i n  many cases, noticeably d i f fe r 
ent  from the old curves, and, of course, d id  not f i t  the experimental data as 
well as the l a t t e r  hadj however, the  number and mass percentages i n  each mode as 
well as the volume-number-mean and mass-median diameters of the complete d i s 
t r i bu t ion  agreed within f12 percent with the values previously obtained. More
over, the trends of these properties with ve loc i ty  difference were the same as 
those previously found, In  fac t ,  the  sca t t e r  of the  data points was reduced i n  
cer ta in  cases. 
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TABLE I. - EXPERIMENTAL TEST CONDITIONS 


Jet velocity, 


ft/sec 


30 


74 

30 

60 

74 

130 

Velocity difference, 

Av,
ft/sec 


0 
30 
60 

120 

0 
30 
60 
120 

0 
30 
60 

120 

-30 
0 

30 
60 

120 

0 
30 
60 
120 

37 
60 

120 

&Downstream distance, 16 in. 

bDownstream distance, 8 in, 
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TABLE 11. - DROP COUNTS OBTAINED WITH PARTICLE ANALYZER 

AND PROPERTIES OF DROP-SIZE DISTRIBUTIONS 


(a) Jet angle, 30°; jet velocity, 30 feet per 

second; downstream distance, 16 inches 


Experimental drop counts 


Average diameter Velocity difference, 
of size group, AV, ft/sec 

- .  
~~Dav, 

P 0 30 60 120 

, Number of drops, AN 

242 1065 2751 879 4716 
341 817 1977 714 1925 
484 764 1545 631 1055 
682 947 1480 677 752 
965 969 i o i o  525 403 
1365 939 579 379 179 
1930 637 180 166 57 
2720 310 39 54 22 
3860 103 2 4 2----Total 6580 9563 4029 9111 


Properties of distributions 


Number-median diameter of mode 1 180 190 200 1 6 0  

%,.r 
I 

P 

Mass-median diameter of mode 1, 443 623 657 249 


Number-median diameter of mode 2 1000 800 850 450 
DN2' IJ. 

Mass-median diameter of mode 2, 3260 1443 1700 1312 


Percentage of drops in mode 1 48.9 77.4 66.5 83.0 

Percentage of mass in mode 1 0.5 9.5 4.9 8.2 

Volume-number-mean diameter of 1446 678 850 438 

complete distribution, D30, p 

Mass-median diameter of complete 2175 L235 1530 1180 
distribution, w,p 

~~ 
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TABLE 11. - Continued. DROP COUNTS OBTAINED WITH PARTICLE 

ANALYZm AND ROPERTIES OF DROP-SIZE DISTRIBUTIONS 

(b) 	Jet angle, 30°; jet velocity, 74 feet per 

second; downstream distance, 16 inches 


I 

Average diameter 

of size group, 


CL 

242 

341 

484 

682 

965 

1365 

1930 

2720 

3860 


~ 

0 30 60 120 

~~ 

3533 2968 4585 3741 
2706 2426 3537 2048 
2234 2021 2555 1117 
2051 1906 2018 791 
1179 986 1073 335 
477 485 466 120 
161 143 130 36 
29 39 20 12 
1 4 0 -0 

Total 12,371 10,978 14,384 8200 


Properties of distributions 

-~ 

Number-median diameter of mode 1, 190 180 190 180 
%p I-1 

Mass-median diameter of mode 1, 430 336 327 289 
D M 1 9  I-1 

'Nwiber-mediandiameter of mode 2, 620 550 540 430 

~ 

I 
Mass-median diameter of mode 2, 1220 1405 1245 1203 

%, IJ. 
Percentage of drops in mode 1 
Percentage of mass in mode 1 

66.8 
6.6 

56.6 
2.8 

63.1 
4.6 

74.8 
8.9 

Volume-number-mean diameter of 617 672 597 468 
complete distribution, D30, 

Mass-medlan diameter of complete 1095 1185 1025 940 
distribution, DT, 1-1 

~~ ~ .--
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TABLF, 11. - Continued. DROP COUNTS OBTAINED WITH PARTICLE 

ANALYZER AND FROPERTIES OF DROP-SIZE DISTRIBUTIONS 

( c )  Jet angle, 60°; jet Velocity, 30 feet per
second; downstream distance 8 inches 

Experimental drop counts 


Average diameter 

of size group, 


Dav, 

1-1 


-

242 

341 

484 

682 

965 

1365 

1930 

2720 

3860 


Total 


Velocity difference, 

AV, ft/sec 


-. - . .  

0 1 3 0 - m 

Number of drops, AN 
~ 

3318 3925 4284 8372 
2647 3018 3713 4912 
2252 2385 2785 3153 
2364 2242 2461 2127 
1495 1294 1211 876 
736 615 436 322 
402 267 115 70 
196 96 20 12 
55 21 1 1 

13,474 13,863 15,026 19,845 

. -

Properties of distributions 

~~ 

Tumber-median diameter of mode 1, 170 160 190 160 

hss-median diameter of mode 1, 291 293 344 269 

DMl, 
Vumber-median diameter of mode 2, 540 500 500 400 

DNZ’ 1-1 
hss-median diameter of mode 2, 1606 1517 1202 1085 

?ercentage of drops in mode 1 
?ercentage of mass in mode 1 

48.9 
1.3 

56.2 
2.0 

53.4 
4.0 

71.5 
7.4 

Jolume-number-mean diameter of 748 666 609 445 
complete distribution, D30, 1-1 


.lass-mediandiameter of complete 1920 1530 963 850 

distribution, %, p 

~ 
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TABLE 11. - Continued. DROP COUNTS OBTAINED WITH PmTICLE 

ANALYZER AND PROPERTIES OF DROP-SIZE DISTRIBUTIONS 


(a) Jet angle, 60'; jet velocity, 60 feet per 
second; downstream distance, 8 inches 

Experimental drop counts 


Average diameter 

of size group, 


uav, -30CL 


242 7098 
341  4779 
484 3299 
682 2617 
965 1214 

1365 507 
1930 173 
2720 30 
3860 3 

0 30 60 120 

Number of drops, AN 

6646 5628 7453 9727 
4468 4172 4727 4984 
3170 2993 3063 2726 
2332 2330 2298 159C 
1053 1040 1102 637 

411 47 4 39 5 234 
118 139 110 54 

1 7  30 1 4  9 
0 1 1 0 

Total 19,720 18,215 16,807 19,167 19,961 
~ 

Properties of distributions 


iumber-median diameter of mode 1, 
%p IJ. 

Ilass-median diameter of mode 1, 

CL 

Tumber-median diameter of mode 2, 


DNp CL 
rlass-median diameter of mode 2, 

DM2, CL 
?ercentage of drops in mode 1 

'ercentage of mass in mode 1 

rolume-number-mean diameter of 

complete distribution, D30,  p 

lass-median diameter of complete 
distribution, DT, p 

~ 

180 190 170 200 160 

298 279 293 312 275 

460 440 440 520 390 

1290 1153 1306 1145 1074 

62.4 57.4 57.9 68.7 79. G 
4.5 4.4 3.5 6.9 11.9 
564 544 575 537 39 7 

1060 950 1045 925 800 
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TABLE 11. - Continued. DROP COUNTS OBTAINED WITH PARTICLE 

ANALYZER AND PROPERTIES OF DROP-SIZE DISTRIBUTIONS 

(e) Jet angle, 60’; jet velocity, 74 feet per

second; downstream distance, 8 inches 


-. 

Experimental drop counts 

__ i 

Average diameter Velocity difference, 

of size group, AV, ft/sec 

...Dav9 

c1 0 1 I 30 1 6 0 7 
... ~~ 

Number of drops, AY 
-

242 5830 5334 9414 12696 

341 4270 4440 5786 7234 

484 2876 3035 3518 4332 

682 2014 2179 2535 2921 

965 846 902 1200 1202 

1365 225 237 422 317 

1930 32 46 99 76 

2720 2 1 11 9 

3860 0 0 0 0 


Total 16,095 16,174 22,985 28,787 
__- -

Properties of dis tributions 

tuber-median diameter of mode 1, 200 230 180 180 

D N p  I-I 

&ass-median diameter of mode 1, 308 371 302 374 


%Il,lJ. 

(umber-median diameter of mode 2, 500 560 500 500 
?N2, I-1 


dass-median diameter of mode 2, 916 922 1083 1044 

%2’ lJ. 


?ercentage of drops in mode 1 66.9 68.4 75.5 80.7 

?ercentage of mass in mode 1 9.1 12.7 9.0 13.6 

Tolume-number-mean diameter of 483 512 475 438 

complete distribution, D30, I-I 


bss-median diameter of complete 740 754 865 760 

distribution, DT, p 
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WLE 11. - Concluded. DROP COUNTS OBTAINED WITH PARTI

CLE ANALYZER AND PROPERTIES OF DROP-SIZE DISTRIBUTIONS 


Average diameter 

of size group, 

Davi 

CL 

242 

341 

484 

682 

965 

1365 

1930 

2720 

3860 


Total 


__ ~~~~ ~ 

Velocity difference, 
LW, ft/sec 

37 60 120 


Number of drops, AN 
.~~ ~~ 

4344 4190 8761 
2764 3138 4784 
1796 2110 2624 
1423 1697 1595 
681 817 548 
205 254 135 
54 41 14 
3 1 2 
0 0 0 

11,270 12,248 18,463 

~ 

I Roperties of distributions 


Number-median diameter of mode 1, 

QN1, CL 

Mass-median diameter of mode 1, 
%Il? CL 

Number-median diameter of mode 2, 
%2’ p 

Mass-mean diameter of mode 2, 

%2’ lJ 

Percentage of drops in mode 1 

Percentage of mass in mode 1 

Volume-number-median diameter of 

complete distribution, D30, p 

Mass-median diameter of complete 
distribution, DJ, p 

. _  ~~~ 

195 230 180 

315 35 3 274 

550 600 400 

1025 961 860 

73.7 69.6 74.6 
9.2 10.8 13.9 
497 530 390 

840 812 640 
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! 

/- =ig Metal plate 

I t  

0.35 (constant) 


Figure 1. - Impinging-jet injector. 

23 


! 



, I,.._ 
.. 

T o  vacuum exhaust 

-Light source, 
I 1/2 microsecond 

I spark discharge 

,-Collimating lens 


Inlet diffL Static-pressure tap 


‘-Impinging-jet injector 


35-mm camera 


(a) Complete apparatus. 


Figure 2. - Experimental apparatus used for drop photographs in air duct. 
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I 
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lens  l i g h t  

I s o v c e  

I I 
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(b) Schematic diagram of op t ica l  system. 

Figure 2 .  - Concluded. Experimental apparatus used f o r  
drop photographs i n  a i r  duct. 
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. .  . .  . 

.-'- .'...$ 9:'.k. . . - .  
30 60 

Velocity difference, AV, f t  /sec 

0 120 

C -66073 

(a) Injector angle, 60°; downstream distance, 8 inches. 

Figure 3 .  - Typical photographs of drop-size distributions.  
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0 120 

C-66074 

Velocity difference,  AV, f t / sec  

(b) In jec tor  angle, 30'; j e t  veloci ty ,  74 f e e t  per second. 

Figure 3, - Concluded. Typical photographs of drop-
s i ze  d is t r ibu t ions .  
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LO 

40 60 100 

Complete bimodal 

\ 
1_--_i__I 'I - - . -L  

200 400 600 1000 2000 4000 40 60 LOO 200 400 600 1900 2000 4000 
Average diameter of s i z e  group, Dav, p 

( a )  J e t  ve loc i ty ,  60 f e e t  per  second. ( b )  J e t  ve loc i ty ,  30 fee t  per  second. 

Figure 4. - Typical  drop-size d i s t r i b u t i o n s .  J e t  angle,  60'; v e l o c i t y  d i f fe rence ,  0 f e e t  per 
second. 



( a )  J e t  angle, 60'; downstream distance, 

( b )  Jet  angle, 300; downstream distance, 

- 1 A 

I I I I 7 
Jet  velocity, 

-vj ,  
f t / sec  

-
0 30 
I7 60 
0 74 -

Solid symbols denote -
data from r e f .  1 

8 inches. 

1 1 7 
Jet  velocity, 

v j  7 

f t / sec  

0 30 
0 74 
I I I 

16 inches. 

1 -
Jet  angle, 

deg 

0 60 
V 90 

Solid symbols denote 
data from r e f .  1

A 

-40 -2 0 0 20  40 60 80 100 120 140 
Velocity difference, b, f t / sec  

( c )  Je t  velocity, 30 f e e t  per second; downstream distance, 8 inches. 

Figure 5. - Effect  of veloci ty  difference on number-median diameter of mode 2 
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111 I, I. .,,,,., -..-...,-,.,.., , . ... . ~ 

2000 I 	 I r - T - - r
Jet velocity, 

-

-1600 


-

1200 

_ _  
800 	 <> 'Iiiii i i 

(a) Jet angle, 60'; downstream distance, 8 inches. 

Jet velocity, 

Vj'


ft/sec 


0 30 

0 74 


I 


I
I
I 

distance, 16 inches. 
2000 

1600 


Solid symbols de

note data fYom 


1200 


800-40 -20 20 40 60 80 100 120 140 
Velocity difference, h, ft/sec 

(c) Jet velocity, 30 feet per second; downstream distance, 8 inches. 

Figure 6. - Effect of velocity difference on mass-median diameter of mode 2. 
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t I I I . I  
Jet velocity, 

v j J  
ft/sec 


I 

30 

60
1oc 74 


Solid symbols denote7data f r o m  ref. 1 
8C 

60 

40 

4 
a, I I Ia Jet velocis" 
,-J 1oc v j  > 
.d ft/sec 

E 0 303 
% 60 OI 

a,
hD I 7 4 iLd
-PE 
0 20 I I 
?I 
P i  

100 I i i 

(a) Jet angle, 60°; downstream distance, 8 inches. 

(b) Jet angle, 30°; downstream distance, 16 inches. 

I * 

Jet angle, 

de@; 


0 60
80 v 90 

-Solid symbols denote 

data from !f. 1 


60 I 
40 
-40 -20 0 20 40 60 80 100 120 140 

Velocity difference, Av, ft/sec 

(c) Jet velocity, 30 feet per second; downstream distance, 8 inches. 

Figure 7. - Effect of velocity difference on percentage of drops in model. 
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" 
( a )  J e t  angle, 60°; downstream distance,  E inches. 

0 


J e t  velocity,  

f t / s ec  

0 30 

(b) J e t  angle, 30'; downstream distance,  16 inches. 

0 
V YO 

Sol id  symbols de
note data from 
e f .  

0 20 4C 60 80  100 120 140 
Velocity difference,  AV, f t / s ec  

( c )  J e t  velocity,  30 f e e t  per second; downstream distance,  8 inches. 

Figure E .  - Effec t  of ve loc i ty  difrerence on percentage of mass i n  mode 1. 
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J e t  velocity, 

800 

600 
\ e data from 

4 

400 


200 
( a )  Jet angle, 6 O o j  downstream distance, 8 inches. 

1600 ~ ~-I
1200I
L 

400 


0 L 
' J e t  angle, 30°; downstream distance, 1 6  inches. 

Jet angl 

0 60 
V 90 

400 
Solid symbols de

note data from 
r e f .  1 

200 1 1 1  
-40 -20 0 2 0  40 60 80 100 E O  140 

Velocity difference, CN, f t / sec  

( c )  Jet velocity,  30 f e e t  per second; downstream distance, 8 inches. 

Figure 9.  - Effect of velocity difference on volume-number-mean diameter of  complete 
spray d is t r ibu t ion .  
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(e) Jet velocity, 30 feet per second; downstream distance, 8 inches. 

Figure 10. - Effect of velocity difference on mass-median diameter of complete 
distribution. 
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